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We report on the observation of the hysteretic transition of a commensurate charge modulation
in IrTe2 from transport and scanning tunneling microscopy (STM) studies. Below the transition
(TC ≈ 275 K on cooling) a q = 1/5 charge modulation was observed, which is consistent with previous
studies. Additional modulations [qn = (3n+2)
−1] appear below a second transition at TS ≈ 180 K on
cooling. The coexistence of various modulations persist up to TC on warming. The atomic structures
of charge modulations and the temperature dependent STM studies suggest that 1/5 modulation is
a periodic soliton lattice which partially melts below TS on cooling. Our results provide compelling
evidence that the ground state of IrTe2 is a commensurate 1/6 charge modulation, which originates
from periodic dimerization of Te atoms visualized by atomically resolved STM images.
PACS numbers: 71.45.Lr, 74.70.Xa, 74.70.-b
A periodic electronic charge modulation, often called
charge-density wave (CDW), is an ordering phenomenon
which is accompanied by a distortion of the underlying
lattice with the same periodicity [1]. The driving force of
a CDW can be a Fermi surface nesting instability (also
called Peierls transition; often considered the canonical
mechanism of charge or spin density waves in low dimen-
sional electronic systems [1]), the indirect Jahn-Teller ef-
fect [2], or the formation of local bound states [3, 4]. Of-
ten the CDW periodicity is incommensurate with respect
to the underlying lattice. The competition between these
two periodicities may lead to a transition from an incom-
mensurate phase to a specific commensurate phase, i.e. a
lock-in transition below the CDW phase transition [5–8].
An elegant picture of the lock-in transition is a melt-
ing transition of a soliton lattice with no soliton in the
commensurate phase but a finite density of periodic soli-
tons in the incommensurate phase [5, 6]. While the com-
mensurate phase is energetically favored at low temper-
ature because of lower elastic energy cost and positive
soliton energy, the incommensurate phase is favored by
the driving mechanism (e.g. the nesting condition) and
the entropy gain due to the formation of the soliton lat-
tice [6, 9]. The continuous reduction of the soliton density
results in a continuous variation of the incommensurabil-
ity of the charge modulation, which is closely related to
the famous devil’s staircase, where infinite commensurate
phases with modulations at all possible fractional num-
bers emerge from competing microscopic interactions [9–
12].
Recently, an intriguing charge/orbital density wave
was discovered in the 5d transition metal dichalcogenide
IrTe2 with large spin-orbital coupling [13, 14]. Interest-
ingly, superconductivity emerges with the suppression of
the CDW phase [13–15], indicating that the coexistence
of CDW and superconductivity in quasi-2-dimensional
(Q2D) transition metal dichalcogenides is a general phe-
nomenon. Originally, Fermi surface nesting has been sug-
gested as the mechanism of the charge modulation in
IrTe2 [13]. However, various experimental observations
indicate that the local bonding states of Te orbitals and
the mixed valence nature of Ir ions are more likely respon-
sible for the driving force of the charge modulation [15–
17]. Therefore, it is imperative to visualize the local elec-
tronic modulation with atomic resolution to reveal the
fundamental mechanism of charge modulation in IrTe2.
Herein, we report on the observation of an intriguing
hysteretic transition (TS ≈ 180 K) of the commensurate
charge modulation phase in IrTe2 below the previously
reported transition (TC ≈ 275 K) using transport and
STM measurements. The atomically resolved modula-
tions suggest that the previously observed 1/5 modula-
tion is a periodic lattice of solitonlike phase slips, sim-
ilar to the unidirectional CDW due to periodic phase
slips observed in strained NbSe2 [18]. In this picture, the
hysteretic transition may be described as an incomplete
melting of a soliton lattice with a sudden decrease of soli-
ton density, resulting in short-range charge modulations
described by qn = (3n+ 2)
−1. On warming the partially
melted soliton lattice persists all the way to TC. The
partial melting transition and the coexistence of multi-
ple fractional modulations are similar to the characteris-
tics of the devil’s staircase phenomena [9, 10]. Our high-
resolution STM data suggest that the intrinsic ground
state of IrTe2 is likely an 1/6 modulation with periodic
Te dimer stripes.
Single crystalline IrTe2 specimens were grown from the
Te flux. STM experiments were performed in an ultra-
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2FIG. 1. (Color online) (a) ρ(T ) data of a IrTe2 single crystal.
The CDW transition (TC ≈ 275 K) is indicated by the first
resistivity increase. The second resistivity increase at ∼ 180 K
indicates the partial melting transition (TS) on cooling. (b)
STM topographic images with atomic resolution taken at 295,
220, 50 (cooling) and 215 K (warming). The various new
modulations (1/8, 1/11, etc.) are present below TS. (c) STM
image (65 nm× 3 nm) at 215 K (warming) showing an example
of coexistence of several modulations: 1/8, 1/11 and 1/17.
high vacuum (UHV) multifunctional chamber with a base
pressure p ≤ 1 × 10−10 mbar. The single crystals were
cleaved in UHV at room temperature (RT) to expose
the pristine (001) surface, presumably terminated by the
Te layer. STM images were acquired in constant-current
mode with typical STM parameters of |U | = 0.01 ... 1 V
and I = 0.1 ... 2 nA. Magnetization and electrical re-
sistivity were measured up to 400 K using the Quantum
Design MPMS-XL7 and PPMS-9. STM images were an-
alyzed with WSXM [19].
Figure 1(a) shows the typical ρ(T ) data measured on a
high quality single crystalline IrTe2 sample. In addition
to the CDW transition (TC) reported in earlier works [13–
16], another transition can be recognized on cooling the
sample at TS ≈ 180 K which is also characterized by
a resistivity increase. On warming, the high-resistivity
state persists to TC without returning to the intermedi-
ate state. This unusually large hysteresis was reproduced
in multiple single crystals, indicative of the significant
metastability of the low temperature state. The absence
of the second transition (TS) in earlier works suggests
that it is very sensitive to the sample quality. In fact,
tiny inhomogeneous strain is sufficient to smear out the
sharp ρ(T ) anomalies [20].
Previous scattering studies suggest the CDW tran-
sition (TC) is characterized by formation of a ~q =
1/5(1, 0, 1¯) superstructure [13, 16]. This is directly con-
firmed by our STM observation of 1/5(1,0) on the (001)
surface at intermediate temperature (220 K) on cooling,
while the RT-STM image in Fig. 1(b) shows the expected
1×1 atomic structure. Therefore, our STM observation
FIG. 2. (Color online) Column-averaged line profiles of STM
images in Fig. 1 and the cartoon models of multiple modula-
tions qn=1/5, 1/8 and 1/11 and RT undistorted state. Here
the double-columns (red spheres) are the soliton-like (anti-
phase) boundaries of fundamental modulation of three-rows
(blue spheres).
of 1/5 modulation unlikely originates from surface recon-
struction. [20]
At T < TS new periodicities (e.g. 1/8, 1/11, etc.) with
domain sizes of a few nanometers appear. They con-
sist of double-columns (appearing bright in color-coded
STM images) which are separated by an integer num-
ber of three-row blocks, as shown in Fig. 1. The two
types of fundamental units, 2a∗ and 3a∗ atomic columns,
are clearly visible in column-averaged line profiles which
have been extracted from the atomically resolved STM
images in Fig.1 and are plotted as red traces in Fig. 2.
Here a∗ = a sin 60◦ ≈ 3.4 A˚ is the inter-column spacing,
and a is lattice constant. The composition for 2a∗ and
3a∗ units is highlighted by red and blue spheres, respec-
tively. Thereby, our STM results suggest that the new
modulations can be unified in a simple empirical relation-
ship, namely, λn = (3n + 2)a
∗ with n ≥ 1. This picture
suggests that the ground state of IrTe2 is probably a pe-
riodic structure of 3a∗ columns. In this sense, a 2a∗ col-
umn corresponds to a fractional phase slip, i.e. a soliton-
like (anti-phase) boundary of the ground state [18, 21].
Within this picture the 1/5 modulation is a soliton lat-
tice with maximal density, and the hysteretic transition
TS is a partial “melting” of the soliton lattice. This sce-
nario is very similar to the soliton lattice melting picture
of the lock-in transition in Q2D CDW systems [6–8].
To reveal the mechanism of the second transition, we
performed variable temperature STM studies of IrTe2
single crystals between 250 K and 140 K. Because of the
lack of unique topographic features [20] it is difficult to
keep track of the same surface area by compensating the
thermal drift after each temperature change (unlike in
previous studies [22]). To circumvent this difficulty, large-
scale STM images with atomic resolution are needed for
statistical analysis of the evolution of modulations. For
this purpose, multiple (> 5) STM images with a width of
200 nm along the modulation direction were taken at var-
ious temperatures. Representative sections of STM im-
ages at 250, 185, 180, 170 (cooling) and 240 K (warming)
3FIG. 3. (Color online) STM topographic images (left) and their FFT maps (right) across the TS on cooling (250, 185, 180 and
170 K) and on warming (240 K). The density of solitions (bright stripes) decreases across TS with appearance of short-range
modulations of qn = (3n+ 2)
−1. The sharp 1/5 superlattice spots turn into diffusive streaks because of the random packing of
these short-range modulations. [20] On warming (240 K) the 1/8 superlattice spot becomes sharper.
and their corresponding fast Fourier transformed (FFT)
images are shown in Fig. 3. Clearly a uniform 1/5 modu-
lation is observed in the intermediate temperature range
TS < T < TC with correlation length over many mi-
crons, resulting in sharp 1/5 spots in FFT maps. Similar
to recent scattering studies, the second harmonic peak
(2/5) is quite strong, suggesting a non-sinusoidal modu-
lation [23, 24]. Interestingly, new modulations of longer
wavelengths but very short correlation lengths appear be-
low TS as shown in STM images, which is consistent with
the diffusive superlattice streaks [20]. The short correla-
tion lengths suggest that the new modulations proba-
bly nucleate and get trapped inside the original 1/5 do-
mains. Consistently, negligible change of soliton density
across TS was observed near a twin domain boundary
with two different ~q directions (not shown here), exclud-
ing the twin boundaries as possible nucleation centers of
new modulations. On warming the correlation length of
1/8 increases substantially resulting in a sharp spot in
FFT map (at 240 K), indicative of thermal annealing of
the soliton lattice.
Figure 4 summarizes our counting statistics of STM ob-
servation [20]. Fig. 4(a) shows the T -dependence of nor-
malized soliton density n/n0 (bright 2a
∗ columns in STM
topographic images, such as in Fig. 3) where n is the soli-
ton density from data and n0 is that of pure 1/5 mod-
ulation. Above TS, the soliton density is almost 100%,
while it drops significantly to ∼ 70% across TS, which
is in good agreement with transport data [20]. As T
decreases further, n/n0 continues to decrease, indicat-
ing that solitons are energetically unfavorable in the low
temperature phase. On warming n/n0 stays at ∼ 60%
up to 240 K, in good agreement with the transport data
in Fig. 1(a). The anti-correlation between n(T ) and ρ(T )
suggests that the solitons (2a∗) has a lower resistivity
than the ground state (3a∗). In contrast to the significant
increase of soliton lattice correlation length (of 1/8) on
warming, the ρ(T ) has a similar slope as that of the inter-
mediate phase (1/5), indicating that the defect scattering
of conduction electrons is not sensitive to the disorders of
the soliton lattice. Therefore, the sharp increase of resis-
tivity at TS is mainly caused by a reduction of density of
states at Fermi level (NF ), indicating that solitons have a
higher NF than the ground state. Consistently, the soli-
tons appear higher in constant-current STM topography
at low bias.
More detailed information can be obtained from the
areal fractions of individual modulations (1/5, 1/8, 1/11,
etc.) shown in Fig. 4(b) and (c). The areal fractions of
various modulations show similar hysteretic behaviors,
i.e., significant changes across TS on cooling but minor
changes on warming. Specifically, the fraction of 1/5 re-
duces drastically from over 90% to ∼ 30% across TS,
while the fractions of other modulations (especially 1/8)
increase substantially.
All of our STM data are consistent with the soliton
lattice picture of commensurate charge modulations dis-
cussed in above text, which provides a simple unified de-
scription [qn = (3n + 2)
−1] of all the observed modula-
tions in IrTe2. The soliton lattice melting transition at
TS indicates that the ground state of IrTe2 consists of a
periodic structure of 3a∗ stripes. Indeed, a abrupt change
of modulation from 1/5 to 1/6 was observed in Se doped
IrTe2 where the transition temperature TC systematically
increases with increasing Se concentration [16]. Because
Se is more electronegative than Te, this observation pro-
vides compelling evidence that the CDW transition is
likely caused by breaking Te-Te bonds [16]. However, the
origin of the 1/6 modulation is unclear in previous stud-
ies [16]. Our STM results provide a natural explanation
4FIG. 4. T -dependence of the normalized soliton density n/n0
across TS (a) and areal fractions of various qn’s on cooling
(b) and warming (c). The statistical data are obtained from
counting the bright 2a∗ columns in STM images with dimen-
sion > 200 nm along the ~qn direction.
of the 1/5 to 1/6 transition in Se doped IrTe2, namely,
that the weakening of Te-Te bonds by Se doping ener-
getically favors the intrinsic ground state of 1/6 super-
structure (i.e. a doubling of 3a∗ stripes). This scenario is
supported by the observation of a sudden increase of the
thermal hysteresis (∆T ) of TC at the boundary between
1/5 and 1/6 [16].
Our picture is further corroborated by the occasional
observation of large patches (dimension over 100 nm)
of purely 1/6 modulation (i.e. no soliton) below TS
in IrTe2. A zoom-in STM image with atomic reso-
lution of the 1/6 modulation and its corresponding
line profile are shown in Fig. 5(a) and (b). There
is a subtle difference between the neighboring 3a∗
stripes, as indicated by the two arrows in Fig. 5. The
microscopic origin of the two kind of 3a∗ stripes is
unclear at this moment. The spacing between two
bright atomic rows (∼3.0 A˚) is significantly smaller than
the mean inter-column spacing (3.4 A˚), indicating a
formation of Te double-rows separated by unpaired Te
rows. Detailed analysis of atomic displacements of Te
atoms within the 1 × 6 supercell [shown in Fig. 5(c)]
indicates the formation of Te dimers within each Te
double-row. The atomic displacements with respect to
FIG. 5. (Color online) (a) An atomically-resolved STM image
measured at 50 K of a region without any soliton, and (b) its
column-averaged line profile. The two bright atomic rows
are ∼ 0.4 A˚ closer to each other than the undistorted inter-
column spacing (3.4 A˚), suggesting a formation of Te double-
row stripes separated by unpaired Te atomic rows. There is a
subtle difference between alternating unpaired Te atomic rows
as noted by two arrows in (b), resulting in a 6a∗ periodicity.
(c) Unit cell average of the STM image in (a). The center
box highlights the 1 × 6 supercell. Green circles label the
undistorted hexagonal lattice. The atomic displacement of
individual atoms is labeled by red arrows. See main text for
numerical values. Yellow dumbbells highlight the Te dimers.
the undistorted 1× 1 lattice are approximately (unit: A˚):
(0, 0), (−0.4, 0.4), (−0.4,−0.5), (0,−0.6), (−0.4,−0.5),
and (0, 0), which are derived from column averaged
profiles (x displacements) and inter-column cross-
correlations (y displacements). The Te dimer stripes
might be induced by the formation of Ir4+ dimers pro-
posed by high resolution x-ray scattering analysis [23].
Previous studies suggested that the charge modulation
transition originates from breaking of the Te-Te bonds
because of mixed valence states of Ir (3+/4+) [15–17, 25].
Since there exists one hole in the t2g orbital of an Ir
4+
ion [26], it has been speculated that the charge modula-
tion is associated with orbital rearrangement [14], which
is supported by XPS measurements and scattering refine-
ments [17, 24]. Single crystal x-ray scattering refinement
analyses suggest that both Ir and Te form periodic dimer
stripes below TC [23], which is consistent with our STM
observation.
In conclusion, we have carried our a systematic high
resolution STM study of the charge modulated phases
in high quality single crystals of IrTe2 and discovered a
hysteretic melting transition of soliton lattice that occurs
5only on cooling. Our results suggest that the previously
reported 1/5 modulation is a periodic soliton lattice that
partially melts at TS ≈ 180 K. Our STM observation
provides compelling evidence that the ground state of
IrTe2 is an 1/6 super-structure with periodic Te dimer
stripes. The melting transition is interrupted probably
by kinetic energy barriers due to the formation of a dilute
soliton lattice with short-range modulations described by
qn = (3n+ 2)
−1.
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